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Abstract Stripe rust, caused by Puccinia striiformis

f. sp. tritici (Pst), is an important disease of wheat

worldwide. Host resistance is the best way to control

the disease. Genetic analysis of F2 and F2:3 populations

from an Avocet S/Jimai 22 cross indicated that stripe

rust resistance in Jimai 22 was conferred by a single

dominant gene, tentatively designated YrJ22. A total

of 377 F2 plants and 127 F2:3 lines were tested with

Chinese Pst race CYR32 and genotyped with simple

sequence repeat (SSR) and single nucleotide poly-

morphism (SNP) markers. A linkage map was con-

structed with five SSR and two SNP markers.

Xwmc658 and IWA1348 flanked YrJ22 at genetic

distances of 1.0 and 7.3 cM, proximally and distally,

respectively. The chromosomal location was con-

firmed using Chinese Spring nulli-tetrasomic, ditelo-

somics and deletion lines. Seedling reactions to 21 Pst

races demonstrated differences in specificity between

YrJ22 and other resistance genes on chromosome

2AL, indicating that YrJ22 is likely to be a new wheat

stripe rust resistance gene.

Keywords Genetic mapping � Puccinia striiformis �
SNP � SSR � Triticum aestivum

Introduction

Wheat is the major source of calories and protein for the

diets of humans and livestock, with over 728.4 million

tonnes being harvested globally in 2015 (http://www.

fao.org/worldfoodsituation/csdb/en/). Wheat produc-

tion worldwide is challenged by several diseases. Stripe

rust, a fungal disease caused by Puccinia striiformis f.

sp. tritici (Pst), is one of the most widespread biotic

stresses, and it can reduce the production and quality of

wheat. With nearly 24 million ha of wheat production,

China is the largest potential stripe rust epidemic region

in the world (Stubbs 1988). During the past decade,

stripe rust occurred on about 3.6 million ha annually in

China caused substantial losses in wheat production

[National Agro-technical Extension and Service Center

(NAESC) 2015]. Stripe rust remains a significant threat
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in many wheat-growing regions of the world, with

regular crop losses ranging from 0.1 to 5 % and rare

serious epidemics causing losses of 5–25 % (Wellings

2011). Resistant cultivars are considered the most

effective and economic means to control the disease

(Line 2002; Chen 2014).

Stripe rust resistance is often classified into two

general types named seedling resistance (or all-stage

resistance, ASR) and adult-plant resistance (APR)

(Chen 2005). ASR is race specific and effective

throughout the entire growth cycle, whereas APR

confers partial resistance against a broad range of

pathogen races, and is usually more durable (Line

2002; Chen 2005). To reduce the amount of

inoculum and develop resistant cultivars, the best

breeding strategy is to combine ASR with APR in

wheat. Therefore, there is still a requirement for

continuing discovery and documentation of stripe

rust resistance genes (He et al. 2011; Ren et al.

2012; Chen 2013).

Mapping of resistance genes is an important first

step for gene pyramiding, gene deployment and

developing multiline cultivars. Stripe rust resistance

in wheat has been studied for more than 60 years

(Feng et al. 2015). To date, 70 genes at 67 loci

conferring resistance to stripe rust (Yr1–Yr67) have

been cataloged in common wheat or durum (McIntosh

et al. 2013, 2014; Herrera-Foessel et al. 2015;

Randhawa et al. 2015). However, only a few genes

are effective against the predominant Pst races in

China (Ren et al. 2012; Bai et al. 2014). The most

recent event in China has been loss of resistance in

many cultivars with the resistance gene Yr26 follow-

ing the emergence of the Pst race v26 group (Ren et al.

2015).

Molecular markers are useful for mapping resis-

tance genes in crop species. Until recently, microsatel-

lites, or simple sequence repeats (SSRs), were favored

due to their often codominant inheritance and robust-

ness defined by repeatability and reliability in PCR-

based marker systems (Röder et al. 1998). High-

density single nucleotide polymorphism (SNP) geno-

typing arrays are now becoming preferred options in

mapping experiments (Wang et al. 2014). The Kom-

petitive Allele-Specific PCR (KASP) genotyping

system is a homogeneous, fluorescent, endpoint

genotyping technology that offers the simplest, most

cost-effective and flexible way for molecular mapping

and breeding (Semagn et al. 2014). Closely linked

markers can be used for marker-assisted selection in

breeding programs to pyramid resistance genes.

Jimai 22, developed by the Crop Research Institute,

Shandong Academy of Agricultural Science, is an elite

wheat cultivar with high yield, wide adaptability and

resistance to stripe rust and powdery mildew at both

the seedling and adult-plant stages (Li et al. 2007).

From 2006 to 2015, it was grown on the largest area in

China, with an accumulated area of 12 million ha

(http://www.sdcrops.cn/newsinfo.asp?id=3062; Prof.

Jianjun Liu pers. comm.). Currently, Jimai 22 is

widely used as an elite parent in wheat breeding in

China. The objectives of the present study were to map

the stripe rust resistance genes in Jimai 22 using SSR

and SNP markers.

Materials and methods

Plant materials

The stripe rust-resistant parent Jimai 22 was crossed

with a highly susceptible line Avocet S. The 377 F2
plants and 127 F2:3 lines were used for genetic analysis

and mapping of the stripe rust gene in Jimai 22.

Chinese Spring (CS), CS nulli-tetrasomic

(N2AT2D, N2BT2A, N2BT2D, N2DT2A and N2D-

T2B), ditelosomic (Dt2AL and Dt2AS) and deletion

lines 2AL1-0.85 and 2AS5-0.78 were used for chro-

mosomal arm assignment and bin mapping of molec-

ular markers flanking the stripe rust resistance gene.

Seedling tests

Fifteen F1, 377 F2 plants and 127 F2-derived F2:3 lines

were evaluated for stripe rust resistance with the

prevalent Pst race CYR32. The original inoculum was

kindly provided by Dr. Gangming Zhan, Northwest A

& F University, Yangling, Shaanxi Province.

Seedling tests were conducted under controlled

greenhouse conditions as described previously (Li

et al. 2006). Seeds were planted in plastic pots

(9 9 9 9 9 cm) with 15 plants each, and three plants

of susceptible cultivar Mingxian 169 were used as a

control in each pot. Plants were inoculated with race

CYR32 by brushing fresh urediniospores from sporu-

lating leaves on to fully expanded new seedling leaves.

Inoculated plants were kept in a dark dew chamber at

10 ± 2 �C and 100 % RH for 24 h, before being
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moved to a growth chamber with a 16-h light/8-h

darkness photoperiod at 15 ± 2 �C. Infection types

(ITs) were scored 15–18 days after inoculation based

on a 0–4 scale (Bariana and McIntosh 1993), when

pustules were fully developed on the susceptible

control. Plants with ITs 0–2 were considered to be

resistant, whereas those with ITs 3–4 were susceptible.

After rust assessment, about 10-cm fresh leaf of each

plant was harvested and put into a 2-ll centrifuge tube
for DNA extraction.

Twenty-one Pst races were also used to inoculate

the resistant parent and differential lines carrying Yr1

and Yr32. These races originating from different

countries were maintained by the Institute of Plant

Protection, CAAS (Table 2).

SSR analysis

Genomic DNA of parents, F1, F2 plants and F2:3 lines

were extracted from young leaves using the CTAB

protocol (http://www.diversityarrays.com). The DNA

was precipitated by adding isopropanol, followed by

washing the pellet with 70 % ice-cold ethanol, and re-

suspension in 200 ll of Tris HCl EDTA (pH 8.0).

Resistant (Br) and susceptible (Bs) bulks were made of

equal amounts of DNA from 15 resistant (IT = 0;) and

15 susceptible (IT = 4) F2 plants, respectively.

A total of 1680 SSR markers covering all 21 wheat

chromosomes, comprising 553 BARC (Beltsville

Agricultural Research Station primers, Song et al.

2000), 127 Clermont Ferrand D (CFD-genome

primers, Sourdille et al. 2004), 35 Clermont Ferrand

A (CFA-genome primers, Sourdille et al. 2004), 152

Gatersleben Wheat Microsatellite (GWM primers,

Röder et al. 1998) and 813 Wheat Microsatellite

Consortium (WMC primers, Gupta et al. 2002)

markers, were screened on the two parents and the

resistant and susceptible bulks. Markers showing

polymorphisms between the resistant and susceptible

parents and the respective bulks were used to genotype

the entire F2 population for linkage analysis. The Yr1-

specific marker stm673acag was used to test the

parents to discriminate Yr1 and YrJ22 (Bansal et al.

2009).

PCRs were performed in volumes of 15 ll con-
taining 1.5 ll of 109 PCR buffer (10 mM Tris-HCl,

50 mM KCl, 1.5 mMMgCl2), 300 lM of each dNTP,

8 pmol of each primer, 60 ng of genomic DNA and

1.0 U Taq DNA polymerase. Amplifications were

carried out at 94 �C for 5 min, followed by 38 cycles

of 94 �C for 1 min, 50–62 �C (depending on primers)

for 1 min and 72 �C for 1 min, and a final extension at

72 �C for 10 min. Three microliter of loading buffer

was added to PCR products and then denatured at

95 �C for 8 min. PCR products were separated on 6 %

denaturing polyacrylamide gels as previously

described (Li et al. 2006) and visualized by the silver

staining.

Single nucleotide polymorphism (SNP)

genotyping

The resistant and susceptible DNA bulks were geno-

typed with the Illumina Infinium Wheat 90K iSelect

BeadChip containing 81,587 SNPs using the Illumina

BeadStation and iScan instruments, according to the

manufacture’s protocols by CapitalBio Corporation

(http://cn.capitalbio.com/). SNP allele clustering and

genotype calling were performed using Genome Stu-

dio version 2011.1 software (Illumina). The default

clustering algorithm was initially used to classify each

SNP call into three allelic clusters. Manual data

curation was then performed for more accurate geno-

typing. The wheat consensus SNP map was used to

determine the chromosome location of each SNP

(Cavanagh et al. 2013; Wang et al. 2014). SNPs

showing polymorphism between the resistant and

susceptible bulks on chromosome 2AL were used to

genotype the 377 F2 plants for linkage analysis by

KASP technique (Semagn et al. 2014). A 5-ll reaction
volume for the KASP assay included 2.5 ll of 29

reaction mix, 0.056 ll of assay mix (LGC Genomics,

Beverly, MA, USA) and 33 ng of genomic DNA. PCR

was carried out using a Bio-Rad S1000 Thermal

Cycler, and fluorescent endpoint readings were carried

out with Biotek Synergy H1 Multi-Mode Reader

(Biotek Instruments, Inc., USA) following the manu-

facturer’s manual (http://www.lgcgroup.com/LGC

Group/media/PDFs/Products/Genotyping/KASP-quick-

start-guide.pdf?ext=.pdf).

Chromosome assignment and genetic mapping

Chromosome locations of linked SSR markers were

initially based on the consensus map of common

wheat (Somers et al. 2004). The map locations were

further confirmed using CS nulli-tetrasomic, ditelo-

somic and deletion lines. Polymorphic markers were
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mapped to chromosome bins based on the smallest

deletion bin possessing them.

Markers polymorphic between the parental lines

and the resistant and susceptible DNA bulks were

genotyped on the mapping population to develop a

linkage map using Joinmap version 4.0 (Stam 1993).

The genetic map was constructed with the software

Mapdraw version 2.1 (Liu and Meng 2003).

Results

Phenotypic and genetic analyses of stripe rust

resistance in Jimai 22

The parents, 15 F1, 377 F2 plants and 127 F2:3 lines

from the cross between Avocet S and Jimai 22 were

challenged with Pst race CYR32. Jimai 22 was highly

resistant (IT 0), whereas Avocet S was highly suscep-

tible (IT 3, 4) (Table 1). The 15 F1 plants were highly

resistant (IT 0) indicating dominance of resistance.

The F2 plants segregated 285 resistant: 92 susceptible,

conforming with a 3:1 ratio (v2 = 0.07, P1df[ 0.05).

The F2:3 lines segregated 32 homozygous resistant, 57

segregating and 28 homozygous susceptible, fitting a

1:2:1 segregation ratio (v2 = 0.35, P2df[ 0.05).

These results suggested that stripe rust resistance in

Jimai 22 was conferred by a single dominant gene,

temporarily designated YrJ22.

Linkage analysis

The parents and respective bulks (Br and Bs) were

screened by 1680 SSR markers distributed throughout

the whole genome. SSR markers Xwmc658, Xg-

wm382, Xgwm311, Xcfd50 and Xgdm93 showed clear

polymorphisms between the resistant and susceptible

DNA bulks as well as the parents. Subsequent linkage

analysis, based on the phenotypic and genotypic data

of 377 F2 plants with the five polymorphic markers,

indicated that YrJ22 was linked to these SSR loci. The

five linked SSR markers are located on chromosome

2A (Somers et al. 2004; Zhang et al. 2008; http://

wheat.pw.usda.gov/cgi-bin/graingenes). The closest

linked SSR locus Xwmc658 was located on chromo-

some 2AL (Somers et al. 2004). Xgwm382 and Xg-

wm311 were located on chromosome bin 2AL1-0.85-

1.00 (Sourdille et al. 2004). Xgdm93 was also located

on chromosome 2AL (Zhang et al. 2008). To confirm

the chromosomal position of YrJ22, three SSR mark-

ers Xgwm311, Xgwm382 and Xwmc658 were ampli-

fied in CS and nulli-tetrasomic lines N2A-T2D, N2B-

T2A, N2B-T2D, N2D-T2A and N2D-T2B; no PCR

products were generated in lines N2A-T2D and dele-

tion line 2AL1-0.85, whereas Xcfd50 was amplified in

CS and deletion lines 2AL1-0.85 and 2AS5-0.78. The

results further confirmed that Xgwm311, Xgwm382,

Xwmc658 were located on bin 2AL1-0.85-1.00 and

Xcfd50 was located on bin C-2AL1-0.85. Therefore,

the resistance gene YrJ22 was confirmed to be located

in the distal part of chromosome 2AL.

KASP assay for mapping of YrJ22

Bulked segregant analysis of susceptible and resistant

bulks using the Wheat 90K SNP chip indicated that

323 of 81,587 SNP markers were polymorphic.

Among them, 18.9 % were located on chromosome

2A based on the consensus SNP linkage map of

hexaploid wheat (Cavanagh et al. 2013; Wang et al.

2014). Two SNPs chosen from chromosome 2AL,

IWA1348 and IWB56077 were converted to KASP

assays and used to genotype the 377 F2 plants.

Subsequent linkage analysis, based on the pheno-

typic and genotypic data with the five SSR and two

SNP markers, indicated that YrJ22 was linked to these

Table 1 Seedling reactions

to CYR32 of P. striiformis

f. sp. tritici in the F1, F2
plants and F2:3 families

derived from the Avocet

S/Jimai 22 cross

RR: homozygous resistant,

Rr: segregating, rr:

homozygous susceptible

Plant material Total plants Infection type Expected ratio v2 P

0 0; 1 2 3 4

Jimai 22 13 13

Avocet S 9 3 6

F1 15 15

F2 377 147 123 5 10 53 39 3:1 0.07 0.79

RR Rr rr

F2:3 117 32 57 28 1:2:1 0.35 0.84
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loci (Fig. 1). The two closest loci flanking the

resistance gene were IWA1348 (distal) and Xwmc658

(proximal), with genetic distances of 7.3 and 1.0 cM

from YrJ22, respectively.

Reactions of wheat lines with YrJ22, Yr1 and Yr32

in multi-race tests

Seedling tests with 21 Pst races (Table 2) showed that

Chinese 166 (Yr1) was susceptible (IT 3–4) to eight

races from China, Germany, Ecuador and the Nether-

lands, namely CYR26, CYR29, CYR32, Su-1, 60105,

74187, 78070 and 80551; Carstens V with Yr32 was

susceptible to nine races, whereas YrJ22 was resistant

(IT 0;–1) to all races except 76093 from Pakistan and

Chinese race CYR29. The results indicated that YrJ22

is different in specificity from Yr1 and Yr32.

Discussion

Jimai 22 was developed from cross 935024/935106 by

Crop Research Institute, Shandong Academy of Agri-

cultural Sciences, Jinan. Genetic analysis showed that

stripe rust resistance to Pst race CYR32 in Jimai 22

was conferred by a single dominant gene (YrJ22) and

molecular markers mapped the gene on chromosome

2AL. Pedigree analyses indicated that the stripe rust

resistance gene in Jimai 22 was derived from 935024

(Linyuan 7069/Lumai 14). Lumai 14 was a leading

cultivar planted in eastern Shandong during the 1990s

and allegedly had stripe rust resistance gene Yr9 from

Lovrin 13 (Zhuang 2003). Jimai 22 is not 1BL/1RS

genotype, since no PCR product was generated when

amplified with marker H20 or GluB3j. As YrJ22 is

located in chromosome 2A, it cannot be Yr9. Linyuan

7069, highly resistant to the prevalent Chinese Pst

races, was selected from the cross of TJB259/87/

(Lumaidasui//Xibeifengshou/ST2422-464) at Shanxi

Academy of Agricultural Science (Cui et al. 1993; Wu

et al. 1997). Lumaidasui was derived from Funo which

is susceptible to race CYR32 (Wan et al. 2004); and

Xibeifengshou is very susceptible to stripe rust and

powdery mildew (Yin et al. 2009). ST2422-464 was

also susceptible to race CYR32 (Li et al. 2006).

Therefore, the stripe rust resistance in Jimai 22 likely

comes from TJB259/87, which was introduced from

England and allegedly had durable resistance to stripe

rust and powdery mildew (Wang et al. 1992).

SSR markers with relatively low marker densities,

compared to sequenced genomes, limit the mapping

resolution of resistance genes. In the current study,

SSR markers and iSelect 90K SNP chip were both

used for BSA and the results proved that both kinds of

Fig. 1 Linkage map for

resistance gene YrJ22 on

chromosome 2AL and

physical locations of

markers on chromosome

2A. Loci names are

indicated on the right side of

the map. Kosambi map

distances (cM) are shown on

the left side
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markers mapped the gene on the same chromosome.

Compared with the labor intensity of screening SSR

markers, SNP chip is a time-saving choice to deter-

mine the chromosome location of resistance genes.

Analysis of resistant and susceptible bulks with the

90K SNP array identified clear differences for a group

of SNP markers on chromosome 2A, implying that the

stripe rust resistance gene was located on 2A. To

construct the linkage map, the KASP assay made this

approach even more robust. The results also showed

that the genotypic data obtained from the KASP assays

matched the data based on the Infinium assay,

confirming the location of the resistance gene. The

combined use of SNP chips and SSR markers reduces

the time and effort required for gene mapping. Firstly,

resistance genes can be located on chromosomes by

analysis of resistant and susceptible bulks using SNP

chips. Then the SSR and SNP markers on targeted

chromosomes can be used to genotype the entire

segregating population for linkage map construction.

A 660K wheat SNP chip is now available (Prof. Jizeng

Jia, http://wheat.pw.usda.gov/ggpages/topics/Wheat

660_SNP_array_developed_by_CAAS.pdf), which

also provides a large number of SNP markers for fine

mapping of resistance genes and marker-assisted

breeding.

In the present study, tests on an Avocet S/Jimai 22

population revealed that YrJ22 was located on chro-

mosome bin 2AL1-0.85-1.00, flanked by Xwmc658

and IWA1348. In the Avocet S/Jimai 22 F2 population,

the resistance allele (Jimai 22 allele) at Xwmc658

locus was amplified in all 270 highly resistant F2
plants (IT = 0 or 0;), with 98 homozygous and 172

heterozygous genotypes, respectively, while the sus-

ceptible allele (Avocet S allele) was detected in 38 out

of 39 highly susceptible plants (IT = 4). At IWA1348

locus, the resistance allele was identified in 267 of 270

highly resistant F2 plants (IT = 0 or 0;), while 39

highly susceptible F2 plants amplified 38 homozygous

susceptible genotype (Avocet S genotype) and 1

heterozygous genotype. These suggest that the flank-

ing markers Xwmc658 and IWA1348 could effectively

distinguish resistant and susceptible alleles in the

population and can be used for the selection of YrJ22

in breeding programs. In addition to YrJ22, four

resistance genes have been reported on chromosome

Table 2 Responses of four

wheat cultivars to 21 Pst

races or isolates tested

– Unknown origin,

unknown or missing data

Isolate/race Origin Jimai 22 Chinese 166 Carstens V Mingxian

169YrJ22 Yr1 Yr32

CYR26 China 1 4 1? 4

CYR27 China 0 0; 0; 4

CYR29 China 4 3 0; 4

CYR31 China 0; 0; 2 4

CYR32 China 0 3 2 4

CYR33 China 0 0; 1 4

Su-1 China 0 4 2 4

58893 The Netherlands 0 0; 1 4

59791 The Netherlands 0 2 4 4

60105 Germany – 4 4 4

61009 The Netherlands 0 0; 4 4

74187 Ecuador 0 4 4 4

75078 Egypt 0; 0; 1 4

76088 Afghanistan 0; 0; 4 4

76093 Pakistan 4 0; 3? 4

78028 Israel 0 0; 4 4

78070 – 0 4 4 4

80551 The Netherlands 0; 4 4 4

85019 Chile 0; 0; 0; 4

85079 – 0; 0; 1? 4

96306 – 0; 0; 1? 4
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2A; Yr17 and Yr56 located on chromosome 2AS, and

Yr1 and Yr32 located on chromosome 2AL (Bansal

et al. 2009; Bariana and McIntosh 1993; Eriksen et al.

2004; McIntosh et al. 2014). Based on the pedigree of

Jimai 22, none of the parents have Yr1. Bansal et al.

(2009) reported that stm673acag closely linked with

Yr1 (1.1 cM), and validation of this marker suggested

that stm673acag could be used for marker-assisted

selection of Yr1. We tested the parents of Avocet

S/Jimai 22 population with stm673acag, and the Yr1-

specific PCR fragment (120 bp) was not amplified in

Jimai 22. In a test of the world and European

differential lines and some other cultivars, CYR32

was virulent on Chinese 166 (Yr1) (Wan et al. 2004).

Similarly, the multi-pathotype tests using 21 Pst races

in the present study indicated that YrJ22 is different

from Yr1 and Yr32 (Table 2). The resistance spectrum

of Jimai 22 was broader than of Chinese 166 and

Carstens V. Eriksen et al. (2004) reported that Yr1 and

Yr32 had a genetic distance of 33–35 cM. Based on the

wheat SSR consensus map (Somers et al. 2004), the

genetic distance between Yr32 and YrJ22 is over

35 cM. All these indicate that YrJ22, Yr1 and Yr32 are

different genes.

In conclusion, YrJ22 is likely to be a new stripe rust

resistance gene. The current information on chromo-

somal location of YrJ22 and linked markers should be

useful for developing stripe rust-resistant cultivars,

preferably having combinations of two or more

effective resistance genes.
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